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In tro duc tion
As a new en ergy ex trac tion de vice pro posed in re cent years, the flap ping foil can use the wind en ergy, the ocean en ergy, and other green en ergy to out put power. Be cause of the struc tural par tic u lar ity of flap ping foil, they are able to be ar ranged at the com plex ter rain, such as the nar row wa ters, the shoal patch and so on. The avail able re sources could be fully used by the flap ping foil, and the global en ergy cri sis and en vi ron men tal pol lu tion will be re lieved. There fore, the en ergy ex trac tion mech a nism, the aero dy namic char ac ter is tics, and the evo lu tion of the flow field dur ing the foil os cil la tion be come the fo cus of cur rent re search. Use flap ping foils in a rea son able and ef fi cient way is the ba sics of the en gi neer ing ap pli ca tion.
The con cept that us ing the flap ping foil to ex tract en ergy was firstly pro posed by McKinney et al. [1] . They ex per i men tally val i dated that the foil with com bined plung ing and pitch ing mo tions can ex tract the wind en ergy. Jones et al. [2] proved the cor rect ness of the exper i ment data from McKinney et al. [1] by un steady in com press ible sur face panel method. Consid ered the ef fects of the mo tion pa ram e ters, air-foil shapes and free stream ve loc ity, some re -search ers [3] [4] [5] an a lyzed the ex trac tion char ac ter is tics of foil with com bined pitch ing and plung ing mo tions by ex per i ments and sim u la tions. The main fac tors and evo lu tion law of energy ex trac tion per for mance are ob tained. Sitorus et al. [6] de signed and es tab lished the foil energy ex trac tion ex per i ment ta ble firstly. Then they sim u lated os cil la tion pro cesses in the ex per imen tal work ing con di tions by 2-D nu mer i cal model. The re sults of ex per i ments and sim u la tions agree very well. The ex trac tion ef fi ciency can in crease to 23.05%.
To fur ther in ves ti gate the en ergy ex trac tion mech a nism of foils, re search ers at home and abroad stud ied the in flu ence of non-si nu soi dal mo tions on ex trac tion char ac ter is tics. Ashraf et al. [7] sim u lated the os cil la tion pro cesses with si nu soi dal mo tions and non-si nu soi dal mo tions, which adopted the 2-D Navier-Stokes equa tions. It shows that the non-si nu soi dal mo tions in flu ence the vor tex struc tures around the foil and the out put power ob vi ously. Platzer et al. [8] [9] [10] sum ma rized the po ten tial ap pli ca tion di rec tions and re search sta tus of the flap ping foil, and pro posed a foil device which ex tract ing en ergy by non-si nu soi dal com bined mo tions. The power co ef fi cient and effi ciency in si nu soi dal mo tions and non-si nu soi dal mo tions were sys tem at i cally an a lyzed. The evo lu tion of the flow field in the os cil la tion pro cess is ob served. Xiao et al. [11, 12] dis cussed the ex trac tion per for mance of var i ous sim i lar trap e zoid non-si nu soi dal mo tions by nu mer i cal method. It is found that the en ergy ex trac tion rate and ef fi ciency can be im proved clearly by non-si nu soi dal mo tions in a cer tain range of Strouhal num ber. The ex trac tion ef fi ciency in non-si nu soi dal mo tion is im proved by 50% than that of si nu soi dal mo tion.
Ap ply ing the os cil lat ing foil in en gi neer ing, the multi-foil ar range ment which out puts power si mul ta neously is al ways adopted to in crease the ef fi ciency. To study the tan dem structure with dou ble row foil ar range ment, Lindsey [13] and Jones [14] dis cussed the ef fects of the foil thick ness and the ef fec tive an gle of at tack by sim u la tion and ex per i ment. It can be ob served the thin ner thick ness and the higher ef fec tive an gle of at tack can bring the better ex trac tion perfor mance in high fre quency and low am pli tude. Some re search ers [15] [16] [17] [18] dis cussed the dual foil ar range ment nu mer i cally and ex per i men tally. They proved the ex trac tion per for mance of dual foil is better than that of the sin gle foil ob vi ously. Be cause of the chok ing ac tion from the up stream foil to the down stream foil, the en ergy ex trac tion rate will ef fec tively in crease by con trol ling two foils mo tion rea son ably. Karbasian et al. [19] de vel oped a pro gram to eval u ate the en ergy ex trac tion per for mance in dif fer ent tan dem foils ar range ment. The ex trac tion processes of multi-foil stag gered struc ture were sim u lated by the pro gram. It is ob served that the multi-row tan dem foils en large the out put power clearly, but the in crease is slight when the num ber of foils reaches the crit i cal value. Ka rakas et al. [20] in ves ti gated the ex trac tion per formance and evo lu tion of the flow field in dif fer ent wall ar range ment nu mer i cally and ex per i mentally. The op ti mum ex trac tion per for mance with the free stream and con trolled stream was discussed. The re sults show the wall ef fect im proves the ef fi ciency when the mo tion is si nu soi dal or ap prox i mately si nu soi dal, and the wall ef fect lim its the en ergy ex trac tion when the mo tion is ap prox i mately square wave.
At pres ent, re search on tan dem foils has be gun to take shape. But the re search on par allel foils is very lim ited. In ves ti gat ing the ef fects of mo tion pa ram e ters and os cil la tion mo tions on out put power at multi-foil ar range ment has sig nif i cant value on the en gi neer ing ap pli ca tions of foil de vice. In this pa per, par al lel dual foils with com bined plung ing and pitch ing mo tions are adopted as the ob ject. Con sid er ing the ef fects of os cil la tion mo tions, the en ergy ex trac tion processes of par al lel dual foils with dif fer ent ef fec tive an gle of at tack mo tions in var i ous work ing con di tions are sim u lated. The op ti mum fre quen cies in dif fer ent mo tions and the in flu ence of the ef fec tive an gle of at tack mo tion pa ram e ter on ex trac tion per for mance are ob tained. Fur thermore, the ef fects of dif fer ent mo tions on en ergy ex trac tion rate and aero dy namic lift of the plung ing mo tion and pitch ing mo tion are stud ied. The evo lu tion law of the vorticity in the flow field is ob served.
Nu mer i cal method

Cal cu la tion model
The cal cu la tion model and pa ram e ters are shown in fig. 1 . Two NACA0012 foils are ar ranged in par al lel. The chord length c is 1 m, the min i mum spac ing be tween two pitch ing axes is called d which is 1.2 m, and the phase dif fer ence be tween two foils mo tions is 180 °. Based on the ex per i men tal val i dation of Wernert et al. [21] , the non-uni for mity of 2-D flow around the mid dle sec tion of air-foil is less than 4%. So the 2-D model of mid dle sec tion can meet the ac cu racy re quire ments. There fore, the 2-D model is adopted in this pa per.
Solver and dy namic mesh tech nique
In this pa per, the com mer cial soft ware FLUENT 16.0 is adopted to solve the un steady in com press ible vis cous flow field at low Reynolds num ber. To discretize the tran sient term, the sec ond-or der-ac cu rate back ward im plicit scheme is used. And the sec ond or der up wind type is adopted to discretize the spa tial term. The mov ing trail of foil is con trolled by the user de fined func tion, which is com piled by the C lan guage pro gram ming. Us ing the dy namic mesh tech nology guar an tees the mesh qual ity dur ing the pitch ing mo tion and plung ing mo tion.
The nu mer i cal re search at Re = 2×10 4 and H 0 = 0.175 was stud ied by Heath cote et al. [22] . The re sults show that the thrust co ef fi cient and ef fi ciency cal cu lated by lam i nar model agrees very well with the ex per i men tal data at the re duced fre quency from 0 to 12.5. Ol et al. [23] an a lyzed the flow field struc ture at dif fer ent Reynolds num bers and fre quen cies. The sit u ation about dif fer ent plung ing and pitch ing mo tion fre quen cies was dis cussed. It shows that the Reynolds num ber has the slight est in flu ence on the flow field struc ture and aero dy namic char acter is tics. There fore, the lam i nar model is selected to sim u late the en ergy ex trac tion charac ter is tics of par al lel dual foil which flap ping as com bined plung ing and pitch ing mo tions in this pa per.
The cal cu la tion do main and bound ary con di tions of par al lel foils are shown in fig. 2 . The cal cu la tion do main in cludes the in ner zone and the outer zone. The in ner zone is a square whose side length is 10c. The dy namic mesh tech nique adopted can re al ize the mesh move ment dur ing the flap ping pro cess. Bos et al. [24] found the in flu ence of the far field bound ary on the flow field around air-foils and aero dy namic char ac ter is tics can be ne - glected if the outer zone bound ary is at least 30c away from the foils sur face. There fore, the outer zone in this pa per is setup as a rectan gle whose side lengths are 70c and 90c, respec tively. As shown in fig. 3 , the cal cu la tion do main uses the mixed type mesh. The outer zone and air-foil sur face se lect the struc ture mesh, which is us ing the O-to pol ogy type. The part con nected outer zone and air-foil sur face is meshed by un struc tured mesh. This kind of mesh can re al ize the dy namic change of mesh, and sat is fied the com pu ta tional accu racy. The an gle of at tack is 0° and the foil sur face has 500 nodes. The first row of mesh around the air-foil sur face is 10 -5 c, y + is less than 1 in all work ing con di tions, and the num ber of cells is 7.2×10 4 . The in let of the cal cu la tion do main is set as free flow ve loc ity, and U 4 is 1 ms -1 . The out let is set as the pres sure out let. The con nec tion part of in ner zone and outer zone is set as the in ter face of struc tured mesh and un struc tured mesh. The foil sur faces adopt the no-slip boundary con di tion.
Ki ne mat ics
The dimensionless fre quency, namely the re duced fre quency, is adopted in this pa per. It is de fined:
where f is fre quency, c -the chord length of foil, and U 4 is the free stream ve loc ity. The max i mum ef fec tive an gle of at tack in the flap ping mo tion is called the nom i nal an gle of at tack a 0 , which is de fined:
where H 0 is the non-di men sional plung ing am pli tude and q 0 -the pitch ing am pli tude. The dif fer ent ef fec tive an gle of at tack mo tions can be re al ized by chang ing pa ram e ter K e . The mo tions are de scribed as eq. (3): 
The ef fects of dif fer ent ef fec tive an gle of at tack mo tions on en ergy ex trac tion per formance are an a lyzed in this pa per. The pa ram e ter K e of ef fec tive an gle of at tack mo tion is selected as -1, -0.8, 0, 1, and 2, re spec tively, to sim u late the var i ous flap ping pro cesses. The vari - fig. 4 , and the reduced fre quency k is 0.9.
The flap ping foil mo tion in this pa per is the plung ing mo tion com bined pitch ing mo tion. The plung ing mo tion h(t) adopts si nu soi dal oscil la tion, and the dif fer ent ef fec tive an gle of attack mo tions are re al ized by pitch ing mo tion a(t). The plung ing mo tion and pitch ing mo tion are de fined:
where j is the phase dif fer ence be tween plung ing and pitch ing mo tions. Based on the pa ram e ter study of Kinsey et al. [4] about en ergy ex trac tion per for mance of sin gle foil, it is ob tained that when the phase dif fer ence of plung ing and pitch ing mo tion is 90°, the op ti mal ex trac tion per for mance oc curs at the pitch ing axis is 1/3 times chord length away from the lead ing edge. Ac cord ingly, the pitch ing axis and the phase dif fer ence in this study are se lected as same as Kinsey's re search.
The en ergy ex trac tion pro cess is con sisted of plung ing mo tion and pitch ing mo tion. So the tran sient en ergy ex trac tion power, P, is made up of the in duced power of plung ing and induced power of pitch ing, which de fined:
where F y (t) is the aero dy namic lift in the Y di rec tion, M(t) -the torque around the pitch ing axis, and w(t) -the pitch ing ve loc ity of foil. The non-di men sional en ergy ex trac tion power co ef fi cient C P can be com puted:
The av er age power co ef fi cient C Pm in an os cil la tion cy cle is de scribed by eq. (8):
The lift co ef fi cient C l and the torque co ef fi cient C m are de fined: 
The en ergy ex trac tion ef fi ciency, h, is de fined as the ra tio of the av er age ex trac tion power of foil and the gross power in the air-foil's swept area, as eq. (11):
where A is the swept area of flap ping foil in ver ti cal di rec tion, A is 2H 0 c based on Xiao's [12] research.
Val i da tion stud ies
To val i date the cor rect ness of sim u la tion, the grid in de pend ence and tem po ral in de pendence val i da tion of par al lel dual foil with com bined pitch ing and plung ing mo tions at Re = =.1100 are con ducted. The val i da tion work ing con duc tion is k = 1, H 0 = 1, q 0 = 80 °. Ten it er a tions are made for each cal cu la tion step. The av er age power co ef fi cients and de vi a tions at dif fer ent grid num bers and time steps are listed in tab. 1. As shown in fig. 5 , the curves of tran sient power co ef ficient in a cy cle at dif fer ent time steps (ts) and grid num bers are ob tained. Ob vi ously, the grid num ber of 7.2×10 4 cells and 1200 time steps per cy cle are suf fi cient to the com pu ta tional ac cu racy.
To en sure the cor rect ness of nu mer ical method, the thrust char ac ter is tics of sin gle foil with plung ing os cil la tion are nu mer i cal an a lyzed at Re = 2×10 4 , H 0 = =.0.175. The vari a tion curves of av erage thrust co ef fi cient C Tm is shown in fig. 6 . The curves show that the sim u lation re sults in this pa per agree very well with the nu mer i cal re sults of Young et al. [25] and the ex per i men tal data of Heath cote et al. [26] . As a re sult, the nu mer i cal method adopted in this pa per is fea si ble. 
Re sults and dis cus sion
Power co ef fi cient and ef fi ciency
The ef fects of dif fer ent ef fec tive an gle of at tack mo tions on par al lel dual foil oscil la tions are con cerned. The en ergy extrac tion pro cesses of foils at var i ous working con di tions with dif fer ent K e are nu mer i cally sim u lated. For the con venience of study, we choose the Reynolds num ber is 1100, the non-di men sional plung ing am pli tude H 0 is 1, and the nom inal an gle of at tack a 0 is 15°. The re duced fre quency stud ied in this pa per is from 0.7 to 1.1. As shown in fig. 7 , the vari a tions of av er age power co ef fi cient and ex trac tion ef fi ciency with k at dif fer ent K e . With the in creas ing K e from the neg a tive to the pos i tive, C Pm increases ob vi ously in gen eral. It means better en ergy ex trac tion per for mance can be ob tained when the mo tion is closer to the square wave. At dif fer ent K e , C Pm in creases at first and then decreases with the in creas ing k. There fore, ev ery mo tion we dis cussed has an op ti mal re duced frequency which can get the max i mum en ergy ex trac tion rate. The op ti mal en ergy ex trac tion perfor mance oc curs at k = 0.9 when K e £ 0. And when K e > 0, the op ti mal en ergy ex trac tion per for mance is ob served at k = 0.8. From the fig ure, it can be found that C Pm de creases ob vi ously at high fre quency. It is be cause the pitch ing ve loc ity is rel a tively high at high fre quency. So the en ergy ex pen di ture is larger dur ing the high speed pitch ing pro cess near the limit plung ing po sition, and the out put av er age power de creases clearly.
As shown in fig. 7 , the vari a tion law of ex trac tion ef fi ciency h is same as that of C Pm . When K e is 2, the ex trac tion ef fi cien cies at most fre quen cies are the op ti mum at the cor re sponding fre quency, ex cept the high fre quency con di tions. The ef fi ciency h achieves 25.8% at k = 0.8, which is the op ti mal ef fi ciency in all work ing con di tions we stud ied. In this study, the par al lel foils com plete the os cil la tion pro cess by com bined plung ing mo tion and pitch ing mo tion . Fig ure 8 shows the vari a tion of the to tal power co ef fi cient C P and the plung ing in duced power co ef fi cient C Ph at K e = -0.8, 0, 2 when k = 0.9. It can be ob served that the ten den cies of C P and C Ph , are sim i lar. The peak val ues of C P at up stroke and down stroke are ba si cally same as those of C Ph re spec tively. They ap pear when the foils pass through the equi lib rium po si tion. This is be cause the plung ing ve loc ity in the equi lib rium po si tion is the high est, as well as the en ergy ex trac tion is mainly com pleted by plung ing mo tion. At the limit plung ing po si tion, the val ley value of C P is lower than that of C Ph . Be cause the plung ing ve loc ity is zero at this time, there is no en ergy ex trac tion. And the pro cesses which foil chang ing the pitch ing di rec tion cost plenty of en ergy. With the in crease in K e , C P at lim it ing po si tion decreases ob vi ously. This is due to the ef fec tive an gle of at tack mo tion which is more sim i lar to the square wave, has higher pitch ing ve loc ity at limit po si tion. And the en ergy ex pen di ture is higher. In two sec tions of t/T = 0.2-0.5 and t/T = 0.8-1.0, C Ph in creases clearly with the in creasing K e . In these two sec tions, the foils are all pass through the equi lib rium po si tions and move to the limit plung ing po si tions. The trail ing edge of foils oc curs flow sep a ra tion and the vor tex shed ding, which im proves the en ergy ex trac tion rate of foils ef fec tively.
Lift co ef fi cient
The synchronicity of plung ing mo tion and aero dy namic lift brought by the foil os cil lation is a sig nif i cant ref er ence to mea sure the en ergy ex trac tion per for mance. As shown in fig. 9 , the vari a tions of the lift co ef fi cient C l and rel a tive plung ing ve loc ity of the up per foil with dif ferent K e at k = 0.9 are ob tained. The lift co ef fi cient dis plays pe ri od i cal change with the foil os cil lation. The peak value of C l ap pears when the foil moves to the equi lib rium po si tion dur ing the up stroke. The flow fields of par al lel foils in flu ence each other and C l fluc tu ates slightly. The val ley value is ob served when the foil moves to the equi lib rium po si tion dur ing the down stroke. With the in crease in K e , the range of C l is mark edly en larged. In gen eral, the synchronicity of plung ing ve loc ity and lift co ef fi cient is best when K e = 2. The in creas ing K e im proves the tran sient power co ef fi cient and the en ergy ex trac tion time in foil os cil la tion. As a re sult, the en ergy ex trac tion rate im proves. 
Evo lu tion of vorticity field
To in ves ti gate the aero dy namic char ac ter is tics and the evo lu tion of flow field of par al lel foils, the vorticity field at K e = -1, k = 0.7, K e = 1, k = 0.7, and K e = 1, k = 0.8 dur ing t/T = 0-0.5 are dis cussed. As shown in figs. 10(a) amd 10(b), at the same fre quency, the size of the trail ing edge vortex at t/T = 0 in creases clearly with the increas ing K e . When foils move to t/T = 0.4, the lead ing edge vor tex moves to the pos terior part of foil. The size of the lead ing edge vor tex at K e = 1 is ev i dently larger than the vor tex at K e = -1. This is due to the in crease in K e im proves the pitch ing am pli - tude of foil. The pitch ing ve loc ity im proves as well. There fore, the vor tex struc ture is en larged in the high speed pitch ing pro cess near the limit plung ing po si tion. The flow sep a ra tion oc curs. The en ergy ex trac tion per for mance of foil im proves by the in creas ing K e .
Com par ing the vorticity evo lu tion of figs. 10(b) and 10(c), it can be found that the size of tail ing edge vor tex at k = 0.7 is larger when t/T = 0. With the os cil la tions of foils, the trail ing edge vor tex falls off and the new lead ing edge vor tex ap pears again. As shown in the fig ure of t/T = 0.4, the leading edge vor tex is formed more early at low fre quency. And the size of the vor tex struc ture is larger. How ever, the en large ment of the lead ing edge vor tex re sults in the en ergy ex pen di ture. The in creasing fre quency brings the higher plung ing ve loc ity of foils so that the en ergy ex trac tion rate in creases ef fec tively. There fore, the out put power at k = 0.8 is higher.
Con clu sions
This pa per fo cuses on the ar range ment of par al lel dual foils, the com bined pitch ing and plung ing os cil la tion with dif fer ent ef fec tive an gle of at tack mo tions at var i ous work ing con ditions are nu mer i cally an a lyzed. The ef fects of ef fec tive an gle of at tack mo tions on en ergy extrac tion per for mance are dis cussed. The evo lu tion of vorticity fields are in ves ti gated as well. It can be found that the better ex trac tion char ac ter is tics can be ob tained when the mo tion is closer to the square wave. There is an op ti mal fre quency at dif fer ent ef fec tive an gle of at tack mo tions, which can get the best ex trac tion per for mance. The op ti mal fre quency k ap pears at 0.9 when K e £ 0, and it ap pears at 0.8 when K e > 0. The change law of ex trac tion ef fi ciency h is same as that of C Pm . The ef fi ciency achieves 25.8% at k = 0.8 when K e = 2, which is the op ti mal ef ficiency in the range we dis cussed.
With the in crease in K e , the val ley val ues of C P and C Ph are ob vi ously dif fer ent. And the range of C l is en larged as well. The syn chro nism of lift co ef fi cient and plung ing mo tion is enhanced. The tran sient power co ef fi cient is lifted by the in crease of K e . There fore, the en ergy extrac tion per for mance im proves.
The closer the ef fec tive an gle of at tack mo tions to the square wave, the larger the size of vor tex struc ture around foils will be. The flow sep a ra tion of vor tex struc ture near the limit plung ing po si tion is heavier, and the ex trac tion per for mance is better. 
